The parametric coupling of electromagnetic and mechanical degrees of freedom gives rise to a host of optomechanical phenomena. Examples include quantum-limited displacement measurements, sideband cooling or amplification of mechanical motion. Likewise, this interaction provides mechanically mediated functionality for the processing of electromagnetic signals, such as microwave amplification. Here, we couple a superconducting niobium coplanar waveguide cavity to a nanomechanical oscillator, and demonstrate all-microwave field-controlled tunable slowing and advancing of microwave signals, with millisecond distortion-free delay and negligible losses. This is realized by using electromechanically induced transparency, an effect analogous to electromagnetically induced transparency in atomic physics. Moreover, by temporally modulating the electromechanical coupling and correspondingly the transparency window, switching of microwave signals is demonstrated and its temporal dynamics investigated. The exquisite temporal control gained over the electromechanical coupling provides the basis for realizing advanced protocols for storage of both classical and quantum microwave signals.
M
icrowave superconducting coplanar waveguide (CPW) resonators are key elements in sensitive astrophysical detectors 1 and circuit quantum electrodynamics 2 . In combination with artificial atoms in the form of superconducting qubits 3, 4 , they now provide a technologically promising and scalable platform for quantum information processing tasks 2, [5] [6] [7] [8] . Coupling these circuits, in situ, to other quantum systems, such as molecules 9, 10 , spin ensembles 11, 12 , quantum dots 13 or mechanical oscillators 14, 15 , has been explored to realize hybrid systems with extended functionality. Coupling of superconducting resonators to nano-and micromechanical oscillators [14] [15] [16] [17] allows exploring cavity optomechanical phenomena 14, 15 and has led to efficient transduction of nanomechanical motion to microwave fields with an imprecision below the level of the zero-point motion 18 , electromechanical microwave sideband cooling to the quantum ground state 17, 19 , and electromechanical amplification of microwave signals 20 . Moreover, the electromechanical coupling modifies the microwave response leading to the electromechanical equivalent of the phenomenon of optomechanically induced transparency 21, 22 . Here we demonstrate a class of control phenomena over the microwave field with a superconducting circuit nanoelectromechanical system. Exploiting the coupling of a superconducting microwave cavity to a nanomechanical oscillator, we demonstrate a tunable group delay (positive and negative) in microwave pulse propagation, mediated by the nanomechanical oscillator's response. The high mechanical quality factor allows a delay of microwave pulses exceeding 3 ms, corresponding to an effective coaxial cable length of hundreds of kilometres. Importantly, this delay is achieved with negligible losses and pulse distortion. Moreover, we explore the circuit nanoelectromechanical response to a time-dependent control field. The temporal modulation of the electromechanical coupling is required for a series of advanced protocols including quantum state transfer and storage 23, 24 , fast sideband cooling 25 , and switching, modulation and routing of classical and quantum microwave signals. To this end, we demonstrate all-microwave field-controlled switching and show that counterintuitive regimes can be found in which the switching time can be much faster than the slow mechanical oscillator energy decay time of the high-Q oscillator. Finally, we also demonstrate mapping of the mechanical (Duffing) nonlinearity into the microwave domain.
We investigate these phenomena in a niobium (Nb) superconducting circuit nanoelectromechanical system (similar in geometry to the ones studied in refs 16, 17) consisting of a quarter-wavelength CPW resonator 1 ( Fig. 1) , parametrically coupled to a nanomechanical oscillator, consisting of a stoichiometric, high-stress Si 3 N 4 beam coated with Nb. The microwave resonator studied in this work exhibits a fundamental resonance frequency of ω c = 2π×6.07 GHz and has a linewidth of κ = 2π × 742 kHz of which κ ex = η c κ = 2π × 338 kHz are due to external coupling to the feedline. The Nb/Si 3 N 4 composite nanomechanical beam has dimensions of 60 µm × 140 nm × 200 nm and shows at cryogenic temperatures very low dissipation (Q m > 10 5 ), with a damping rate of Γ m = 2π × 9 Hz resonating at Ω m = 2π×1.45 MHz. This system thus resides in the resolved sideband regime as Ω m > κ. The thermal decoherence rate of the mechanical oscillator is Γ mnm ∼ = 2π × 21 kHz, wherē n m is the thermal equilibrium phonon occupancy at the dilution refrigerator temperature of approximately 170 mK. At an even lower temperature, of approximately 30 mK, we observe an increase in the Q factor to 0.6 × 10 6 and a reduction of the thermal decoherence rate to Γ mnm ∼ = 2π×1.18 kHz. These temperatures are far below the superconducting transition temperature of Nb (9.2 K) and the thermal excitation of the microwave cavity is significantly suppressed, ashω c /k B = 288 mK, whereh is the reduced Planck constant and k B is the Boltzmann constant.
The interaction between the mechanical oscillator and the microwave CPW resonator is formally equivalent to the optomechanical interaction 14, 15 and quantified by the vacuum coupling rate g 0 (ref. 26 ) in the corresponding interaction Hamiltonian as the radiofrequency (RF) input, and a homodyne RF readout after signal amplification at 4 K with a high electron mobility transistor (HEMT). f, Mechanical thermal noise spectrum and the calibration peak as measured at the Q output of the mixer. g, Calibrated frequency noise spectral density S νν (blue dots, ν ≡ Ω /2π) of the mechanical beam, and Lorentzian fit (black). h, The vacuum coupling rate g 0 derived from two groups (red and yellow) of measurement, with a 4 dB power difference in the modulated input tone.
wheren p is the intracavity photon number operator, andâ m andâ † m are the ladder operators of the mechanical oscillator. The vacuum coupling rate g 0 in equation (1) is the product of the electromechanical frequency pulling parameter G = (dω c /dx), denoting the cavity resonance frequency change on mechanical displacement, and the mechanical resonator's zero-point fluctuation
eff Ω m ) ≈ 30 fm, where m eff ≈ 7 pg is the effective mass of the beam. The coupling rate g 0 is calibrated by applying a known frequency modulation to a microwave tone coupled into the cavity (see Supplementary Information and ref. 26 for details; Fig. 1e ). The spectrum of the homodyne readout is shown in Fig. 1f ,g, yielding a measured coupling rate of g 0 = 2π × (1.26 ± 0.05) Hz, a value that, given the chosen calibration procedure, is independent of the microwave power reaching the CPW cavity after several stages of attenuation in the refrigerator.
In our system, the effective radiation pressure force that is reflected by the electromechanical interaction Hamiltonian
) gives rise to a modification of the dynamics of the mechanical oscillator. Moreover, it leads to an interaction between two microwave fields sent simultaneously into the cavity 20, 27, 28 . This latter phenomenon, which is also referred to as electromechanically induced transparency, arises as the overall radiation pressure of the two fields, a strong pump at frequency ω p and a weak probe field at frequency ω p + Ω , drives the motion of the mechanical oscillator at the two fields' beat frequency Ω . The mechanical oscillation is resonantly enhanced if the frequency difference Ω between the two fields coincides with Ω m . The driven mechanical motion, in turn, generates Stokes-and anti-Stokes sidebands on the pump field, which can interfere with the probe field leading to an induced transparency (or amplification for a blue-detuned pump 20, 22 ). The resulting transmission coefficient of the probe field for the present cavity waveguide geometry is given by
where χ
is the bare susceptibility of the cavity and χ
is the bare mechanical susceptibility. The approximation in equation (2) is valid when the Stokes scattering of the pump field is negligible (see Supplementary Information for the complete model). Here,ā 2 =n p = n p denotes the expectation value of the intracavity pump photon number and∆ = ω p − ω c + Gx is the effective detuning of the pump field with the static mechanical displacementx. Figure 2 shows the measured probe transmission in the presence of a reddetuned pump∆ = −Ω m , resulting in an induced transmission window, which coincides with the microwave-cavity resonance. The width of this window in the weak coupling regime is given by the effective mechanical damping rate Γ eff ≈ Γ m + Γ dba , with Γ dba = 4g 2 0n p /κ resulting from radiation-pressure-induced dynamical backaction 17, 19, [29] [30] [31] [32] [33] . We study this response experimentally using a vector network analyser to generate the probe tone, and analyse its direct transmission, in this case without the homodyne interferometer. A microwave generator provides the pump tone that is simultaneously coupled into the cavity (see Supplementary Information for a more detailed description of the employed measurement set-up). A systematic investigation of the electromechanical effective damping as a function of pump detuning and pump intracavity photon number shows excellent agreement with theory ( Fig. 2c,d ). Importantly, these measurements, together with the independently determined g 0 , can be used to provide an independent calibration of the intracavity pump-photon number n p , and therefore the microwave attenuation in the refrigerator before entering the microwave cavity (62 dB attenuation in this measurement set-up).
Interestingly, the nanoelectromechanical system shows significant deviations from the standard electromechanically induced transparency behaviour already for moderate pump power (n p ≈ 3.9 × 10 6 ) if the probe power is increased to more than −91 dBm (Fig. 2e) . Strongly asymmetric line shapes of the transmission window are observed. This asymmetry increases with an increasing probe power-much in contrast to the fully linear theory. This nonlinearity is a direct consequence of the fact that the transmission window is modified by scattering of photons induced by the mechanical oscillator. The oscillator exhibits a Duffing nonlinearity 34, 35 with a critical amplitude of about 2 nm and a Duffing parameter β = 1.2 × 10 12 N m −3 , which is compatible with earlier experiments 36 . This value is independently determined in a set of measurements, in which the oscillator is driven by a low-frequency a. (including the Duffing nonlinearity for β = 0) are captured by the set of equations in the Fourier domain:
for the amplitude of the intracavity probe field A and the mechanical oscillation X . Here, in equations (3) and (4), we assume the resolved-sideband regime (Ω m κ), as well as a large mechanical quality factor Q m ā/A, so that the dynamic (resonant) response of the mechanical oscillator X ∝āA is much larger than the static displacementx ∝ā 2 (see the Supplementary Information for details). Furthermore, |S| 2 denotes the power of the probe field sent towards the cavity. As seen in Fig. 2e , the Duffing nonlinearity is thus mapped directly onto the transmission of the probe field, yielding nonlinear behaviour for probe powers as low as −91 dBm sent towards the cavity. The mechanically resulting bistability of the microwave transmission, as the electrically implemented counterpart 37 , could be used for non-volatile memory applications 38 . For lower probe powers, the radiation-pressure-induced oscillation amplitude of the mechanical mode remains well below the threshold for nonlinear oscillations. In this regime, the transmission of the probe field is well described by equation (2) . Importantly, the presence of the pump tone does not only induce a strong modification of the transmission of the probe field, but also leads at the same time to a fast variation of the phase φ = arg(t p ) of the transmitted probe field across the transmission window. This can lead to significant group delays 21, 22, 39, 40 , in analogy to that achieved with the electromagnetically induced transparency in atomic 41 and in solid-state media 42 . The delay is given by
for a microwave probe pulse whose centre frequency falls into the transmission window. In particular, in the resolved-sideband case and for red-detuned pumping (κ < Ω m = −∆), the group delay in equation (5) 
where C = Ω 2 c /(κΓ m ) denotes the electromechanical cooperativity parameter 43 with the coupling rate Ω c = 2g 0ā and η c = κ ex /κ. The group delay in equation (6) reaches its maximum value
as the cooperativity approaches C = √ 1 − η c . To experimentally explore this predicted behaviour, microwave probe pulses are generated by modulating the amplitude of a weak (−108 dBm) probe tone derived from a microwave generator. The Gaussianshaped envelope functions (full-width at half-maximum duration 83 ms) are generated with an arbitrary waveform generator. The emission of a probe pulse is synchronized with the acquisition of the transmitted probe field. Simultaneously, a continuous-wave pump tone is sent to the cavity (see Supplementary Information for details). Figure 3 shows the results of these measurements. A delay of the probe pulses can be observed when the power of the pump is varied. As shown in Fig. 3a ,b, the maximum group delay achieved with negligible losses is 3.5 ms, which agrees with equation (7) . The demonstrated delay is achieved without pulse distortion, as it fulfils the condition that the pulse bandwidth is narrower than the transparency window width (we discuss the pulse distortion in more detail in the Supplementary Information).
In the case of a slightly detuned probe tone, δ = Ω − Ω m = 0, a good approximation of the group delay is given by such that |δ| > Γ m /2. The probe delay measured when both pump tone power and probe tone detuning are varied reveals an excellent agreement with the full theory given in equation (8) (Fig. 3b-d) .
For a number of advanced optomechanical protocols for both quantum and classical applications [23] [24] [25] , it is necessary to dynamically tune the coupling rate
For switching applications, the response of the system can be limited both by the dynamics of the mechanical mode amplitude (X (t )) as well as the pump field (ā(t )). In the following, we explore these dynamics experimentally. To this end, the pump tone is tuned to the red sideband (∆ = −Ω m ). The probe tone, tuned in resonance with the cavity (Ω + ω p = ω c ), is constantly on. The probe transmission and its anti-Stoke scattering at the blue sideband (∆ = Ω m ) are recorded (Fig. 4a) . On switching on the pump field, the intracavity pump power rings up on a timescale κ −1 ≈ 0.2 µs. The transmission of the probe power builds up on a much slower timescale Γ −1 eff , the timescale at which the mechanical oscillation amplitude converges towards its steady-state value. Figure 4a shows the typical ring-up of the probe transmission. The characteristic timescales extracted from the data are shown in Fig. 4b as a function of pump power. On switching off the pump field, the probe transmission immediately drops, as the pump field (giving rise to destructive interference) decays from the cavity on a fast timescale of κ −1 . So does the corresponding field-enhanced electromechanical coupling rate Ω c (t ) given in equation (9) . The mechanical oscillation however still prevails. The power of the anti-Stokes scattered probe field decays with a constant time constant 1/Γ m , shown in Fig. 4b , in the absence of the pump tone (see Supplementary Information for  a quantitative analysis) .
On the basis of this study of the on-off dynamics, we first prepare the mechanics to its steady-state amplitude by applying simultaneously a pump and a probe tone for a sufficiently long time. Next, a series of pump pulses is applied with a period T = T on +T off .
The transmission of the probe follows the pump modulation, determined by the decay time κ −1 of the microwave cavity (Fig. 4e ). These observations reveal the counterintuitive regime that the switching time can be substantially faster than the slowest timescale in the problem (that is, the inverse effective mechanical damping rate, Γ −1 eff ) and is limited only by the microwave cavity decay time κ −1 . When the pump is off, the mechanical oscillation relaxes towards its equilibrium position at the rate of the intrinsic damping rate Γ m ; when the pump is on, the mechanical oscillation is driven back towards its steady state at a rate of the effective damping rate Γ eff , leading to a recovery to a finite probe transmission. Consequently, continuous switching is possible if the loss in the mechanical amplitude due to damping between the successive pump pulses is compensated within the switching period, that is,
In the on state, the transparency window amplitude depends significantly on the mechanical oscillation amplitude (Fig. 4c,d ). In contrast, in the off state, the cavity transmission modulation is negligible in the absence of coherent driving from the pump tone, hence allowing a high on-off contrast. Note, this modulation of the cavity transmission (in the absence of the pump tone) is due to the finite residual amplitude of the mechanical oscillator and is given by
, with ε = g 0 x/x zpf Ω m and x being the amplitude of motion. For the amplitudes concerned in this work, ε is typically at the level of <1% (see Supplementary Information for details) , and hence the cavity transmission is only weakly modified. Note, in the above electromechanical-switching experiments the pump tone is modulated and the probe tone remains stationary. Using the demonstrated temporal control in conjunction with probe pulses allows storage of the probe field through conversion into a coherent excitation of the mechanical oscillator [44] [45] [46] [47] [48] [49] . To summarize, we have demonstrated that electromechanically induced transparency can be used in electromechanical systems to manipulate the transmission and delay of a microwave signal in a fully integrated architecture without the need of photon detection and regeneration. Interestingly, the switching can be faster than the timescale of the mechanical oscillator's energy decay. Using electromechanically induced transparency, classical microwave signals can be switched, or routed 50 through arrays of electromechanical systems, and synchronized by the associated tunable positive and negative delays. The employed microfabrication techniques offer in this context a far-reaching flexibility in the design of both mechanical and microwave properties-including carrier frequencies and bandwidth-as well as the overall architecture of complex networks. The delay and advancing of pulses may also be extended to single microwave photon pulses 5 . The prerequisite for preserving the single-photon state is that the thermal decoherence time (1/Γ mnm ) is long compared with the photon delay/advance time. The pulse duration (that is, bandwidth of the pulses) is limited by the width of the transparency window (Γ eff ) to avoid pulse distortion, implying that the condition Γ eff n m Γ m needs to be satisfied. In the weak coupling limit (Ω c < κ), this condition is equivalent to a cooperativity C exceeding the thermal occupationn m .
Our system already reaches coupling rates exceeding the mechanical decoherence rate Ω c ∼ >n m Γ m even at a moderate cryogenic temperature. The estimated decoherence rate ofn m Γ m ∼ = 2π × 1.18 kHz due to a mechanical dissipation of 2π × 2.56 Hz at a lower temperature (33 mK) brings the system in the regime of Ω c n m Γ m , which overcomes the main obstacle of quantum coherent manipulation. A larger g 0 (refs 23,28) , or a simple improvement in the measurement set-up, allowing a larger pump field (sustainable by the employed Nb cavities) would in principle already be sufficient for the system to reside in the coherent quantum coupling regime Ω c > (n m Γ m ,κ). Combining the system with the powerful advances in the generation and detection of single microwave photons 5 may allow for the control over the propagation of non-classical states using the electromechanical architecture. Moreover, it provides the basis for the complete storage and retrieval of a microwave quantum state in long-lived mechanical excitations.
Methods
Nanoelectromechanically coupled system. For the CPW structures a characteristic impedance of Z 0 ≈ 50 Ω is realized with a 10-µm-wide centre stripline separated by a gap of 6 µm from the ground plane (Fig. 1) . The one-sided cavity with a typical length of 5.3 mm is capacitively coupled to a CPW feedline on one end, and shorted on the other end. This CPW cavity is patterned into a Nb thin film deposited on top of a Si substrate. Frequency multiplexing is realized by embedding on a single chip several cavities of different length coupled to a single CPW feedline. The nanomechanical object integrated in the cavity is a high-aspect-ratio beam, 60 µm long, 140 nm wide and has a thickness of 200 nm, which consists of 130-nm-thick Nb on top of 70-nm-thick tensile-stressed Si 3 N 4 . The high tensile stress of Si 3 N 4 overcomes the compressive stress of Nb.
Low-temperature measurement set-up. All experiments have been performed in a dilution refrigerator at around 200 mK. In the dilution refrigerator there are three signal lines: two coaxial-cable lines connecting the two ends of the sample feedline for the microwave input and output signal, and a low-frequency line to carry a drive signal (<5 MHz) that provides additional means of resonant excitation of the nanomechanical beam through Coulomb force. A sample of dimension 10 mm×6 mm is mounted in a gold-plated copper box. An SMA coaxial connector at each end is silver-glued to the CPW feedline, transmits signals to/from the sample. Thermal noise from the tones at room temperature is suppressed using attenuators at successive temperature stages, and by the inertial attenuation of the coaxial cable. The d.c.-block filter beside the sample prevents the d.c. current in the overall transmission loop. A high electron mobility transistor amplifier is anchored at 4 K and is isolated from the sample output by a circulator. For more details of the individual measurements, see Supplementary Information.
